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(Received 18 September 2004; published 22 February 2006)0031-9007=A coarse-grained off-lattice model that is not biased in any way to the native state is proposed to fold
proteins. To predict the native structure in a reasonable time, the model has included the essential effects
of water in an effective potential. Two new ingredients, the dipole-dipole interaction and the local
hydrophobic interaction, are introduced and are shown to be as crucial as the hydrogen bonding. The
model allows successful folding of the wild-type sequence of protein G and may have provided important
hints to the study of protein folding.
DOI: 10.1103/PhysRevLett.96.078103 PACS numbers: 87.15.Aa, 36.20.r, 87.14.EeThe problem of predicting the native structure of a
protein for a given sequence has been of great interest
due to its relevancy to many fields in biology. In the crud-
est level, lattice models are proposed and have provided
important insights [1,2]; however, due to the oversimplifi-
cation, they are far from real applications. On the other
hand, all-atom simulations deliver more details for the
folding process, but the requirement of computational
resources tends to be realistically unaffordable [3].
Developing models of coarse graining thus becomes the
next step. For this purpose, off-lattice models [4] using Go¯-
type [5] potentials have been used to explore the folding
dynamics. Since the relevant interactions are based on
native structures, the Go¯-type potentials cannot be used
to predict structures. There are also models that succeeded
in separately folding helix bundles or folding beta hairpins
[6]. Nevertheless, the interacting potentials employed are
also biased towards the native states. So far, there is no
model that can fold proteins using realistic potentials; it is
therefore desirable to construct a coarse-grained model that
can fold proteins without being biased in any way to the
native state.
In this Letter, based on microscopic considerations, we
propose a coarse-grained model with realistic potentials.
The model has been tested successfully on more than 16
small proteins, of sizes from 12 to 56 amino acids [7]. For
most examples, even without particularly optimizing our
code, the computing time is reasonably short and is within
the order of hours on ordinary desktop computers. Here,
instead of exploring its predicting ability, we shall be
focusing on only one protein (one of the protein G families
with protein data bank (PDB) ID:1GB4) to illustrate the
folding mechanism embedded in the proposed model. A
brief summary of other important proteins is given in [7].
In our model, side chains are coarse grained as spheres
but explicit structures are kept in backbones [8]. On the
other hand, water molecules are not included explicitly but
their effects are incorporated in effective potentials among06=96(7)=078103(4)$23.00 07810side chains and backbones. The hydrophobic (HP) interac-
tion has been known as the most important effect due to
water. Recently, it is realized that the length scale of water
molecules has to be kept at short distances to prevent
proteins collapsing prematurely [9]. Therefore, the desol-
vation model [9] combined with the Miyazawa-Jernigan
(MJ) matrix [10] is employed to describe the interaction
among the side chains. Furthermore, since the MJ potential
is a non-neighboring interaction, its extension to include
nearest neighbors (NN) along the sequence is needed.
Similar to the spirit of the HP model [2], a local hydro-
phobic potential, VLocal HP, is implemented by assigning
potential energies to any successive pairs of amino acids
according to their hydrophobicity. On the other hand, the
hydrogen bonding (HB) has long been thought of as the
key molecular interaction [6]. However, for small proteins,
it is known that HB prefers the helix structure over the beta
sheet because the former has a larger number of HBs. Thus
it hints to include a second molecular interaction. Indeed,
analysis on the MJ matrix indicates that the electric dipole-
dipole interaction dominates in the pairwise interaction
among side chains [11]. Microscopically, there is also
charge imbalance in the CO-NH group on the amide plane
with the magnitude of the dipole being estimated to be p 
1:15 1019 Cm. Simple analyses reveal that the direc-
tions of these dipoles have strong correlation with the
secondary structure [12]: in the alpha helix, successive
dipoles on the backbone tend to be in parallel; while in
the beta sheet, they tend to change directions alternately
(see Fig. 1, for example). In order to capture relevant
energetics, we explicitly introduce the dipole-dipole inter-
action VDD among the backbone elements. The potentials
VLocal HP and VDD are the main ingredients that make our
model different from early models. Remarkably, our simu-
lations indicate that these two interactions and the hydro-
gen bonding form the key interactions for determining the
secondary structure. Specifically, we find that while the
hydrogen bonding is essential to the formation of the alpha3-1 © 2006 The American Physical Society
FIG. 1 (color online). Schematic plot of the simulated protein
G—1GB4: native conformation and corresponding dipole con-
figuration.
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indispensable.
The potential is constructed in a renormalized fashion:
except for global multiplicative scales (denoted by  in
the following, with  representing different contributions),
interactions (such as VDD and VMJ, see below) at large
distances take the usual form; while for interactions
(such as VLocal HP and VND, see below) at successive neigh-
bors (short distances), since the variation of distance is
unimportant, only angle variables are kept. The parameters
employed in the potentials are adopted from experimental
data [8], while the scales ’s are calibrated based on a few
proteins of known structures [13].
The degrees of freedom for backbones are two
Ramachandran angles  and  [14]. Since the peptide
bond on any amide plane is partially double bonded, the
angle ! around the peptide bond is fixed to be 180 so that
it corresponds to the trans-conformation. The spheres that
represent side chains are centered at C and are attached to
C atoms rigidly, and different effective radii are assigned,
consistent with the geometric structures [15]. In these
representations and with all energies being in units of
kcal=mol, the potential can be written as
Vtotal  Vsteric  VHB  VDD  VMJ  VLocal HP  VA:
(1)
Here Vsteric enforces structural constraints such as hard-
core potentials to avoid unphysical contacts. VHB accounts
for the hydrogen bonding between any non-neighboring
NH (labeled by i) and CO (j) pair and is implemented as
VHB  HB
P
n;i;jurijvn;ij, where rij is the distance
between Hi and Oj and ur is the standard 12-10
Lennard-Jones potential with the equilibrium distance
being set to the averaged experimental value 1.738 A˚ [8].
The angle function v imposes the directional nature of HB,07810parametrized by three angles (n  1; 2; 3): CiOiHj,
CiOi ^ NjHj, and OiHjNj. Their values are con-
fined to the averaged experimental data [8], respectively:
26.77, 11.60, and 17.98. To increase the efficiency of
HB formation, certain uncertainty  is allowed.
Empirically,   60 is most efficient.
The dipole term VDD at large distances takes the ordi-
nary form
VDG  DG
X
i;j
 ~pi 	 ~pj
r3ij
 3 ~pi 	 ~rij ~pj 	 ~rij
r5ij

; (2)
where ~pi and ~pj are dipoles of either CO or NH, and the
summation excludes successive dipoles. When dipoles are
in successive neighbors, it is given by
VDN  DN
X
i
1
2

~pi 	 ~pi1
pipi1
 1

: (3)
VMJ is the extension of the MJ matrix with the form VMJ 
MJ
P
i;j
VLJrij  VG1rij  VG2rij. Here VLJ is the
MJ matrix element ij multiplied by the usual 12-6
Lennard-Jones potential with the equilibrium distance
being the sum of radii of two side chains. VG1  VG2
represents the potential obtained numerically in the des-
olvation model [9]. For numerical purpose, however, we
find that it is more convenient to use the following ap-
proximately analytic forms: VG1  1  exp
w 
rij  rb2 is a Gaussian fit to the desolvation barrier
with rb being the position of desolvation barrier and w
being the size of the water molecule, while VG2  2 
exp
w  rij  rw2 is an inverted Gaussian fit to the
metastable minimum at rw due to water molecules. Here
for the best fit, 1  5jijj=9 and 2 jijj=3.
The potential VLocal HP acts only on successive pairs of
side chains
VLocal HP 
X
i
Vqi;qi1 : (4)
Here qi represents the hydrophobicity or the charge state of
the ith side chain. Following Ref. [12], qi are classified into
hydrophobic (H), polar (P), neutral (N), positive charged
(), and negative charged (). In this classification, N is
regarded as a referential type such that whenever qi  N or
qi1  N, Vqi;qi1  0. Furthermore, when charged side
chains encounter other noncharged ones, they are consid-
ered as polar. Therefore, the only nontrivial potential en-
ergies are VHH; VPP; V (attractive) and VHP; V
(repulsive). To implement the hydrophobic effects, an
attractive pair acquires a negative energy qi;qi1 when
their CC lines are parallel to each other, and when in
other orientation, no energy is assigned; while for repulsive
pairs, a negative energy qi;qi1 is assigned when their
CC lines are antiparallel. In practice, a smooth function
is used to interpolate between finite Vqi;qi1 and zero.3-2
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Finally, VA is an on-site potential in proportion to the area
of each side chain that is exposed to water. The propor-
tional constant is ii  hiii with i being the index for the
side chain. The existence of VA has already been found in
the analysis of the MJ matrix [11] and it helps to further
contrast the hydrophobicity of each side chain.
The Monte Carlo method is employed to fold proteins.
After careful calibration [13], the global scales are found to
be HB  4:8, DG  0:2, DN  2:1, MJ  0:2, and for
VLocal HP, HH  PP  HP  5:0,     5:0.
The same scales are adopted to simulate the protein
1GB4, which is a wild-type protein with one alpha helix
and two beta hairpins. Figure 1 shows its spatial arrange-
ment and corresponding dipole arrangement of our simu-
lated energy ground state, while Fig. 2 shows the contact
map. The native contact number ratio (Q) for simulated
ground state is 0.6, while the RMSD is 2.97 A˚ . Clearly, our
simulation is in good agreement with the experiment while
the computing time is only a few hours on a P4-3.0 GHz
PC. Note that the ground state energy is 545 kcal=mol
and the nearest local minimum is about 34 kcal=mol
higher in energy. Furthermore, both the helix and the
beta sheet are formed only when correct scales ’s and
appropriate temperature are employed. The portability of
these scales (and our model) to other proteins are tested in
15 proteins. The results are briefly summarized in Ref. [7].
Our results are generally in good agreement with experi-
ments with the tolerance of ’s being about 0.5.
Occasionally, the accuracy is not good. However, in that
case, the cause is due to the metal ion not being included in
our simulation [7].
To clarify the roles of VDD and VLocal HP, the alpha helix
(A24 to D37) and the beta hairpin with C terminus (G42 toFIG. 2. Contact map of energy ground states (native structures)
for 1GB4 at kBT  0:8 kcal=mol with open circle being our
simulation result (Q  0:6) and solid square being the data from
PDB.
07810E57) are extracted. The energy versus Q along the folding
is then monitored for different strengths of the potentials.
Figures 3(a) and 3(b) show the effect of VDD for three
different strengths. Clearly, we see that the native confor-
mation (Q  1) stays at the minimum for the helix, while
for the beta hairpin, it gradually moves away from the
minimum. When VDD is completely turned off, the beta
sheet is no longer the ground state. Similar analyses are
done by tuning VLocal HP as shown in Figs. 4(a) and 4(b).
We see that although affecting the formation of the alpha
helix, both VLocal HP and VDD have stronger effects on the
formation of the beta sheet and can change the ground state
completely. Similar behaviors also occur for the beta hair-
pin with N terminus and other 15 proteins. For 1GB4, if we
turn off VLocal HP and VDD, only segments of helices are
formed. Therefore, both VDD and VLocal HP are responsible
for the formation of the beta sheet.
It should be noted that the above analyses are done with
fixed VHB, and the vanishing alpha helix in Fig. 4(a) can be
restablized by increasing VHB. However, similar restabli-
zation does not occur to the beta sheet due to the fact that
the helix has more HBs. Therefore, when VHB is large
enough, the helix conformation always wins, and even a
beta sheet will be turned into a helix. On the other hand,
because successive dipoles in a helix tend to have unfav-
orable parallel orientations, sufficient strong VDD can sta-
bilize the beta sheet over the helix. Therefore, in the
intermediate strength of VHB, a beta sheet could form if
the deficient energy due to smaller number of HBs is
compensated by the energy gain of VDD.
Similar analysis on the MJ potential shows that instead
of deciding the secondary structure explicitly, VMJ plays a
crucial role in making its formation more efficiently. In the0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 3. Effects of different strengths of VDD on the formation
of the alpha helix (a) and the beta hairpin with C terminus (b).
The corresponding strengths: solid line—VDD, circles—0:5VDD,
and long dashed line— 0. Q is the native contact number ratio
with Q  1 corresponding to the native conformation.
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FIG. 4. Effects of different strengths of VLocal HP on the for-
mation of the alpha helix (a) and the beta hairpin with C terminus
(b). The corresponding strengths: solid line—VLocal HP, circles—
0:5VLocal HP, and long dashed line— 0.
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compact space. Only when the collapsing happens, inter-
actions of shorter ranges could function. If the initial
collapsing does not go in the right direction or happens
too fast, the final protein structure may become disordered.
After the initial collapsing, the potentials VDD, VLocal HP,
and VHB start to dominate. At this point, an obvious ques-
tion remains to be addressed: since both VDD and VHB are
sequence independent, then for a given sequence, what
determines that it should fold into a helix or a beta sheet?
This is where VLocal HP comes into play because it forces
successive neighboring side chains to be either on the same
side or on the opposite side of the backbone according to
their hydrophobicity. Thus different sequences result in
different local spatial arrangements of side chains, and
only when the arrangement is correct, the protein can be
compacted into the correct secondary structure. Finally,
our analysis shows that even though the native state is still
the ground state in the absence of VA, incorrect strength of
VA would result in itinerant motion of the secondary struc-
tures. Therefore, VA is primarily responsible for stabilizing
the tertiary structure.
In conclusion, an effective potential that can fold pro-
teins without being biased to the native state is constructed
and tested. All testing peptides can fold to their native
states in acceptable computing time. By systematically
tuning relative strengths of interactions in the potential,
the dipole-dipole interaction VDD and the local hydropho-
bic interaction VLocal HP are shown to be as crucial as the
hydrogen bonding VHB. While VHB prefers the helix struc-
tures, VDD tends to form sheetlike structures. Only when a
subtle balance between these two interactions holds, the
helix and sheet structures can coexist. The sequence-07810dependent potential VLocal HP is then responsible for the
final selection of either a helix or a beta sheet forming.
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